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centers of single-atom catalysts
by oxygen intermediate-boosted
electrochemiluminescence†

Ruyu Xie,a Kaitao Li,ac Rui Tian*ac and Chao Lu *abc

Catalytic activities of single-atom catalysts are strongly dependent on their d-band centers. However, it is

a long-standing challenge to provide a cost-effective and accurate evaluation for the positions of d-band

centers of these catalysts due to the fact that the widely applicable photoelectron spectroscopy

methodologies require complicated sampling and spectral unfolding processes. In this contribution, we

have proposed oxygen intermediate-boosted electrochemiluminescence (ECL) for rapid spotting of the

d-band centers of single-atom catalysts, involving single atomic Au, Ag, Cu and Fe. It was disclosed that

the d-band centers of single-atom catalysts closer to the Fermi level could facilitate the interaction

between catalysts and oxygen intermediates, leading to higher luminol ECL intensities as a result of the

promoted adsorption and reduction ability towards oxygen intermediates. Moreover, this correlation was

also adapted for other metal catalysts such as Au and Ag nanoparticles. This correspondence could be

utilized for an accurate identification of d-band centers of single-atom catalysts. It is anticipated that the

proposed strategy could be beneficial for a deep understanding of microstructure studies of single-atom

catalysts to achieve advanced catalytic performances.
Introduction

The d-band model for single-atom catalysts highlights the role
of the electronic states in the valence band in inuencing the
reaction activity.1 To unravel the factors that govern the catalytic
activities of single-atom catalysts, the positions of their d-band
centers have been studied as a descriptor for the modulation of
the electronic structure.2 The position of d-band centers could
determine the hybridization energy between the bonding and
antibonding states of oxygen intermediates and d-bands of
single atoms.1 As the d-band center shis up, more antibonding
states are pulled above the Fermi level,3 lowering the energy
barrier and facilitating the oxygen reduction reaction.4,5 To
achieve high-efficiency catalytic performances, increasing
efforts have been devoted to engineering the d-band centers of
single-atom catalysts.6–8 For example, the single-atom catalysts
could be anchored on a specic support through the coordi-
nation interaction, and the electronic metal–support interac-
tions (EMSI) contributed to the redistributed electrons,
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modulated d-band centers and thereby boosted catalytic activ-
ities.9,10 Therefore, it is critically important to identify the
positions of d-band centers of single-atom catalysts to reveal the
electronic structure–activity relationship.

To evaluate the positions of the d-band centers of single-
atom catalysts, the general strategies relied on photoelectron
spectroscopy methodologies, such as X-ray photoelectron
spectroscopy (XPS)11,12 and ultraviolet photoelectron spectros-
copy (UPS).13 However, the detection depth of XPS measure-
ments is on the nanometer scale, failing to provide
comprehensive information on the electronic structure of
catalysts.14,15 UPS showed high requirements for samples, of
which the surface should be fresh and free from contamination.
In addition, the density functional theory calculations to study
the structure of catalysts are time-consuming and demand
extensive theoretical knowledge.16 These strategies are hardly
accessible as widely applicable methodologies for the studies on
single-atom catalysts. Therefore, it is highly desirable to explore
a sensitive and feasible strategy to identify the d-band centers of
single-atom catalysts and provide an in-depth recognition of the
variations of the electronic structure during the reactions.

Electrochemiluminescence (ECL), a kind of chem-
iluminescence triggered by electrochemical reactions, has been
known for its inherent advantages of low background signal,
cost-effectiveness and high sensitivity.17,18 Specically, the
electrochemical oxidation of luminol involves the reaction of
reactive oxygen species (ROS) and contributes to the oxygen
intermediate-boosted ECL signals.19,20 These features make ECL
Chem. Sci., 2024, 15, 18085–18092 | 18085
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Scheme 1 Schematic illustration of ECL to spot the positions of d-
band centers of single-atom catalysts.

Fig. 1 (a) UPS valence-band spectra of Ags/LDH/ITO, Aus/LDH/ITO,
Agnp/LDH/ITO, and Aunp/LDH/ITO relative to the Fermi level; the black
solid lines represent the positions of the d-band centers; (b) ECL
intensities and (c) IECL–potential curves for ITO, LDH/ITO, Aunp/LDH/
ITO, Agnp/LDH/ITO, Aus/LDH/ITO and Ags/LDH/ITO in 0.01 mmol per
L luminol (PBS, pH = 7.5); (d) correlation between the d-band centers
and ECL intensities of Ags/LDH/ITO, Aus/LDH/ITO, Agnp/LDH/ITO, and
Aunp/LDH/ITO electrodes (the values of d-band centers were
measured by UPS as shown in (a).
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a promising strategy for identifying both the quantities and
reaction behaviors of oxygen intermediates, thereby allowing
the evaluation of the d-band centers of single-atom catalysts. In
this work, we have localized the Ag, Au, Cu and Fe single atoms
on a two-dimensional layered double hydroxide (LDH) support
on ITO glass (referred to as Ags/LDH/ITO, Aus/LDH/ITO, Cus/
LDH/ITO, and Fes/LDH/ITO), and the varied d-band centers of
these single-atom catalysts were identied through the luminol
ECL intensities (Scheme 1). This is because the upshied d-
band centers towards the Fermi levels of these single-atom
catalysts are apt to create favorable binding interactions
between catalysts and oxygen intermediates, resulting in the
facilitated adsorption and reduction kinetics of oxygen inter-
mediates. Accordingly, the oxygen intermediate-boosted ECL
signals of these single-atom catalysts conformed to the same
tendency as the positions of d-band centers relative to the Fermi
level: Ags/LDH/ITO > Aus/LDH/ITO > Cus/LDH/ITO > Fes/LDH/
ITO. Moreover, this study was extended to Ag and Au nano-
particles. The results showed the higher catalytic performance
of Ag species than Au species, and the promoted atomic utili-
zation of single atoms compared to that of nanoparticles was
also validated. Therefore, we have proposed intermediate-
boosted ECL as a sensitive and cost-effective approach to spot
the d-band centers of single-atomic and metallic catalysts. It is
anticipated that our strategy would provide valuable informa-
tion for the study and modulation of the electronic structures of
catalysts.

Results and discussion
Correlation between the d-band centers and ECL intensities

CoAl/LDH, featuring the two-dimensional structural character-
istics of LDHs and the catalytically active Co element, was
employed as a support to localize different kinds of catalysts.21,22

CoAl/LDH was prepared on an ITO electrode through a hydro-
thermal method. To localize the different metal species with
varied d-band centers onto LDH/ITO, electrochemical deposition
was employed. The structure of the localized metal was highly
dependent on the mass loadings of the metal species during the
electrochemical deposition, corresponding to the minimum
supersaturation on the support.23 In detail, single atomic Au and
18086 | Chem. Sci., 2024, 15, 18085–18092
Ag were anchored onto the LDH/ITO electrodes through the
electrochemical deposition for 2 cycles (denoted as Ags/LDH/ITO
and Aus/LDH/ITO), and the contents of Au and Ag were deter-
mined to be 0.071 mol% and 0.077 mol% by inductively coupled
plasma optical emission spectrometry. The referenced Au and Ag
nanoparticles were electrochemically deposited on the LDH/ITO
electrodes aer 30 cycles (labelled as Aunp/LDH/ITO and Agnp/
LDH/ITO), with the contents of Au and Ag of 0.214 mol% and
0.226 mol%. The d-band centers relative to the Fermi level of
these catalysts were studied by implementing the highly surface-
sensitive ultraviolet photoelectron spectroscopy (UPS). The UPS
valence-band spectra showed that the energy of d-band centers of
Ags/LDH/ITOwas located at−4.24 eV, which was higher than that
of−4.33 eV for Aus/LDH/ITO (Fig. 1a). Furthermore, the values of
d-band centers of Agnp/LDH/ITO and Aunp/LDH/ITO were deter-
mined to be −4.45 eV and −4.54 eV, respectively. It could be
concluded that more shis towards the Fermi level could be
acquired for the d-band centers of single atoms than those of the
nanoparticles, which could be attributed to the larger proportion
of low coordinated atoms in the nanoparticles.24 Moreover, Ag
species shared the higher d-band center values than Au did, and
this phenomenon could be explained by the electron distribution
of different metal species.2 Concretely, the values of the d-band
centers of these modied electrodes followed the trend of Ags/
LDH/ITO > Aus/LDH/ITO > Agnp/LDH/ITO > Aunp/LDH/ITO.
According to the d-band theory proposed by Nørskov, the up-
shis of d-band centers would result in the variations of anti-
bonding states,25 leading to the strong adsorption strength
towards intermediates and facilitating the rate-limiting reactions
for the catalytic reactions.

The ECL performances of these modied electrodes were
recorded in a 0.01 mmol L−1 luminol solution (0.1 mol L−1
© 2024 The Author(s). Published by the Royal Society of Chemistry
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phosphate buffered saline, pH = 7.5) over a voltage range of
−0.8 to 0.8 V (Fig. 1b). No obvious ECL signals could be
observed on the bare ITO or LDH/ITO electrodes. Upon the
deposition of single atomic Au or Ag, the modied electrodes
showed the prominently promoted ECL intensities. The
cathodic luminol ECL intensity of Ags/LDH/ITO was about 13
000 a.u., while that of Aus/LDH/ITO was only 3600 a.u. In
comparison with the localized single atoms, Agnp/LDH/ITO and
Aunp/LDH/ITO with downshied d-band centers showed less
effect on promoting the ECL signals, with the ECL intensities of
1950 a.u. and 845 a.u., respectively. The IECL–potential and
synchronous cyclic voltammetry (CV) curves of different modi-
ed electrodes were recorded for validation. An anodic ECL
peak at +0.6 V appeared for both Ags/LDH/ITO and Aus/LDH/ITO
electrodes during the positive scan, and the cathodic ECL peak
at −0.4 V was noted during the negative scan for these elec-
trodes (Fig. 1c). The ECL spectra recorded at the cathode
showed a maximum emission wavelength of around 425 nm
(Fig. S1†), validating the emissive species as the excited 3-ami-
nophthalate dianion from luminol.26 The CV curve of Ags/LDH/
ITO showed a broad oxidation peak at +0.45 V during the
positive scan (Fig. S2†), which was correlated to the oxidation of
Agd+ and luminol.27 During the reversed potential scan, the
reduction reactions of Ag+ and dissolved oxygen were found at
−0.005 V and −0.55 V, respectively.28 For Aus/LDH/ITO, the
reduction of the oxidized gold could be observed at +0.03 V, and
the oxidation process of luminol was identied at +0.58 V.29,30 In
comparison, the peaks at the cathode during the negative
scanning potential, which were associated with the reduction of
the oxidized metal species and the dissolved oxygen,31 were
more pronounced for Ags/LDH/ITO than for the Aus/LDH/ITO
electrode. These results demonstrated that single atomic Ag
showed a stronger oxygen adsorption capacity to reduce oxygen
to generate intermediate radical species. These superior
behaviors of Ags/LDH/ITO could be reected by the ECL due to
its ultrasensitive features to interpret the subtle changes during
an electrochemical reaction.32

It should be noted that the ECL intensities were highly
correlated with the positions of d-band centers of the modied
electrodes. The trends for the d-band centers relative to the
Fermi level of Ags/LDH/ITO, Aus/LDH/ITO, Agnp/LDH/ITO, and
Aunp/LDH/ITO are in good accordance with the tendencies of
their ECL performances: Ags/LDH/ITO > Aus/LDH/ITO > Agnp/
LDH/ITO > Aunp/LDH/ITO (Fig. 1d). In other words, the larger
upshi of d-band centers towards the Fermi level was associ-
ated with the higher ECL activity of themodied electrodes. The
varied positions of the d-band center of metal species could be
induced by the electronic metal–support interaction (EMSI),33,34

which could regulate the electronic structure and the electron
transfer ability of Ag or Au species. These results demonstrated
the strength of ECL in identifying and screening the position of
d-band centers of single-atomic and metallic catalysts.
Fig. 2 (a) HAADF-STEM image and (b) STEM-EDS mapping images of
Co, Al, and Ag for Ags/LDH/ITO; (c) HAADF-STEM image and (d) STEM-
EDS mapping images of Co, Al, and Au for Aus/LDH/ITO.
Structural and morphological studies

To unveil the reason for this correlation, the structural and
morphological features of these modied electrodes were
© 2024 The Author(s). Published by the Royal Society of Chemistry
studied. Taking the Ag species as an example, the typical
characteristic diffraction peaks of LDH at 11.56°, 23.21° and
35.26° could be observed for Ags/LDH/ITO and Agnp/LDH/ITO
(Fig. S3†), demonstrating the presence of the periodically
layered LDHs.35 The characteristic diffraction peak of Ag
nanoparticles at 38.28° could be observed for Agnp/LDH/ITO
and Agnp/ITO. In contrast, no such peak could be observed for
Ags/LDH/ITO, suggesting the absence of Ag nanoparticles. UV-
vis spectra showed the surface plasma resonance peak at
∼460 nm for Agnp/ITO, while this peak was absent for Ags/LDH/
ITO (Fig. S4†). These results ruled out the aggregation of Ag in
Ags/LDH/ITO and demonstrated the successfull preparation of
monodispersed Ag single atoms on the LDH/ITO electrodes.
Similarly, the localization of the single atomic Au on the LDH/
ITO electrodes could be conrmed by the absence of the char-
acteristic diffraction peak of Au nanoparticles in XRD patterns
(Fig. S5†) and the surface plasma resonance peak in UV-vis
spectra (Fig. S6†). The morphological characterization studies
were performed to verify the presence of Ag and Au species in
the as-prepared samples. The SEM images showed the vertically
arranged CoAl/LDH arrays on the ITO substrate, with 1 mm in
length and ∼20 nm in thickness (Fig. S7†). The high-angle
annular dark-eld scanning transmission electron microscopy
(HAADF-STEM) image of Ags/LDH/ITO showed a number of
isolated bright spots located on the CoAl/LDH, which can be
attributed to the single atomic Ag (Fig. 2a). Furthermore, the
mapping images showed that the Ag, Co and Al elements were
uniformly distributed on the CoAl/LDH (Fig. 2b), validating the
localization of single atomic Ag onto the LDH support. Simi-
larly, bright spots ascribed to the single atomic Au could be
observed on the surface of the CoAl/LDH (Fig. 2c and d),
demonstrating the successful preparation of Aus/LDH/ITO.
Moreover, Au and Ag nanoparticles were mono-dispersed on
the LDH support in Aunp/LDH/ITO and Agnp/LDH/ITO, as
observed from TEM images (Fig. S8†).
Chem. Sci., 2024, 15, 18085–18092 | 18087
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Electronic structure studies

The electronic structure and local coordination of these modi-
ed electrodes were investigated by X-ray photoelectron spec-
troscopy (XPS). It can be observed that the binding energies of
Ag 3d5/2 and Ag 3d3/2 were located at 367.5 and 373.5 eV for Agnp/
ITO (Fig. 3a), demonstrating the presence of metallic Ag0.36

These peaks shied to higher binding energies of 367.8 and
373.9 eV in Agnp/LDH/ITO. Furthermore, the peaks of Ag 3d5/2
for Ags/LDH/ITO shied to 368.2 eV, demonstrating an inter-
mediate valence between the metallic Ag0 and Ag+ (0 < Agd+ <
+1). Notably, the peaks were more inclined to Ag+ in Ags/LDH/
ITO, suggesting the strong interaction between single atomic
Ag and LDHs, which may be responsible for the signicant
upshi of d-band centers to the Fermi level.37 The O 1s spectra
of the electrodes modied with Ag species were deconvoluted
into three peaks at 533.8, 531.8, and 530.6 eV (Fig. 3b), ascribed
to the oxygen in adsorbed molecular water (OH), adsorbed
oxygen (Oo), and lattice oxygen (Olat), respectively.38,39 The peaks
indexed to O 1s in CoAl/LDH were shied to a lower binding
energy upon localization of Ag nanoparticles or single atoms. A
new peak at 529.5 eV could be observed for Ags/LDH/ITO, sug-
gesting the formation of Ag–O bonds.40 Moreover, XPS spectra
for Co 2p were studied to reveal the changes in the electronic
structure of CoAl/LDH, and the core level Co 2p spectra were
split into two peaks at 781.4/797.2 eV for Co2+ and 783.2/
798.7 eV for Co3+ (Fig. 3c). These peaks of CoAl/LDH shied to
lower binding energies upon localization of Agnp and Ags,
accompanied by a signicant decrease in the content of high-
valent Co3+. These variations indicated a possible electron
transfer from Ags and Agnp to CoAl/LDH through the O-bridge
bimetal structure. Similar results could be observed for Aus/
LDH/ITO and Aunp/LDH/ITO electrodes. The peaks of Au 4f7/2
Fig. 3 High-resolution XPS spectra of (a) Ag 3d, (b) O 1s and (c) Co 2p for
XPS spectra of (d) Au 4f, (e) O 1s and (f) Co 2p for LDH/ITO, Aunp/ITO,
marked in the diagram).

18088 | Chem. Sci., 2024, 15, 18085–18092
for Aus/LDH/ITO were located at 84.6 eV (Fig. 3d), as an inter-
mediate valence between themetallic Au0 and Au+.41 In contrast,
Aunp/ITO and Aunp/LDH/ITO showed peaks around 83.7 and
83.8 eV, respectively. The presence of the Au–O bond42 could be
observed as a new peak around 532.0 eV in the O 1s spectra for
Aus/LDH/ITO (Fig. 3e). Shis to lower binding energies could
also be observed in O 1s and Co 2p spectra for Aus/LDH/ITO and
Aunp/LDH/ITO, in comparison with CoAl/LDH (Fig. 3e and f).
These ndings suggested the partial electron transfer from Aus

and Aunp to the adjacent coordination due to the EMSI effect. In
addition, Al 2p core-level spectra were deconvoluted into two
peaks at 74.7 and 74.1 eV.43 No obvious changes could be
observed in the Al 2p spectra for all the modied electrodes
(Fig. S9 and S10†), suggesting that Al atoms in LDH showed
negligible effects on the interfacial electronic interactions.

Quantitative results from XPS spectra have addressed the
differences between these modied electrodes. The ratios of
Co3+/Co2+ showed a slight decrease from 71.9% in CoAl/LDH to
70.3% in Agnp/LDH/ITO and 68.4% in Aunp/LDH/ITO, while
more signicant reduction could be observed for 40.6% in Ags/
LDH/ITO and 65.4% in Aus/LDH/ITO (Table S1†). Such
a phenomenon could be ascribed to the unique electronic
structure and well-dened active sites of single atoms, exhibit-
ing great potentials in enhancing the catalytic activity during an
electrochemical reaction.44,45 Moreover, the electronic structure
of metal catalysts could be effectively regulated through the
electronic metal–support interaction (EMSI).46 It has been
known that the EMSI effect is associated with the orbital rehy-
bridization of metal catalysts and charge transfer across the
metal–support interface.47 Note that the rearrangement of
electrons with a considerable EMSI effect is only conned to
a couple of atomic layers at the metal–support interface.48
LDH/ITO, Agnp/ITO, Agnp/LDH/ITO and Ags/LDH/ITO; high-resolution
Aunp/LDH/ITO and Aus/LDH/ITO (the positions of the dotted line are

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Accordingly, the stronger EMSI effect could be induced for
single-atom catalysts than for the nanoparticles, leading to the
modulated d state and the facilitated electron transfer from
single-atom catalysts to LDH/ITO. Therefore, we will focus on
the microstructural variations of these single atoms in the
following discussions.

The average oxidation states of single atomic Ag and Au on
the LDH/ITO have been calculated through the quantitative
peak deconvolution and integration, and the oxidation states of
single atomic Ag and Au on the LDH/ITO supports were esti-
mated to be +0.9 and +0.7 eV, respectively (please see Table S2†
for the detailed information and calculation process). As ex-
pected, electrons were transferred from Ag or Au single atoms to
the LDH/ITO support due to the EMSI effect, and more electron
transfer occurred for Ags/LDH/ITO with upshied d-band
centers. It is thus concluded that Ag single atoms with
a higher oxidation state were energetically favorable for the
adsorption and activation of oxygen species for the ECL reac-
tions. Moreover, O 1s spectra showed that the contents of
oxygen vacancies (Oo) for Ag

s/LDH/ITO and Aus/LDH/ITO were
71.2% and 70.3%, respectively (Table S3†). The higher contents
of oxygen vacancies in Ags/LDH/ITO indicated the stronger
oxygen adsorption capacity, in accordance with the positions of
the d-band centers. The Ag–O and Au–O bonds accounted for
7.5% and 6.0% in O 1s spectra for Ags/LDH/ITO and Aus/LDH/
ITO, suggesting the stronger metal–oxygen bonds in Ags/LDH/
ITO for the electronic redistribution. Therefore, the data from
XPS conrmed the upshied d-band center of single atomic Ag
and Au towards the Fermi level, in correlation with adsorption
and activation abilities toward oxygen intermediates.

Ability to absorb, activate, and utilize the oxygen species

The redistributed electrons and oxidation state of metal species
may affect their abilities to absorb, activate, and utilize the
oxygen species during reaction. The oxygen adsorption ability at
the modied electrodes was studied by O2-temperature pro-
grammed desorption (O2-TPD). It has been reported that the
adsorbed oxygen changed from the physically adsorbed O2

(desorbed below 200 °C) to the chemically adsorbed oxygen
species (O2

−/O−, in the range of 200–400 °C) and eventually to
the O2

− in the lattice of the catalysts (higher than 400 °C).49,50

LDH/ITO showed two oxygen desorption peaks at about 291 °C
and 736 °C (Fig. 4a), corresponding to the chemically adsorbed
oxygen species and lattice oxygen species, respectively. Upon
Fig. 4 (a) O2-TPD pattern of LDH/ITO, Aus/LDH/ITO and Ags/LDH/
ITO electrodes; (b) UV-vis spectra of methyl hydrazone for the Ags/
LDH/ITO and Aus/LDH/ITO electrodes in KOH/DMSO solution.

© 2024 The Author(s). Published by the Royal Society of Chemistry
localization of single atomic Ag and Au, the temperatures of
these two peaks decreased to 270/634 °C for Aus/LDH/ITO and
244/602 °C for Ags/LDH/ITO, suggesting the improved oxygen
adsorption capacity of the modied electrodes. Note that
compared to Aus/LDH/ITO, Ags/LDH/ITO with upshied d-band
centers required a lower temperature to absorb oxygen species
and showed stronger potential to produce active oxygen species.

These adsorbed oxygen species could be converted to ROS
during the negative scan, such as superoxide (O2c

−), singlet
oxygen (1O2), and hydroxyl radicals (OHc).51 To validate the
presence of these radicals, radical scavengers, such as p-ben-
zoquinone (BQ, O2c

− radical scavenger), isopropyl alcohol (IPA,
OHc radical scavenger) and NaN3 (

1O2 radical scavenger),52 have
been added to the luminol solution in the presence of different
electrodes. It can be observed that the ECL signals during the
scan from −0.8 to 0 V were quenched by BQ, IPA and NaN3 at
Ags/LDH/ITO and Aus/LDH/ITO electrodes (Fig. S11 and S12†),
indicating the signicance of O2c

−, OHc and 1O2 for the ECL
emission. Particularly, the ECL signals were signicantly
quenched for 99% at Ags/LDH/ITO and 97% at Aus/LDH/ITO
when the O2c

− was scavenged by BQ (Table S4†). These results
suggested that O2c

− was the dominant ROS that contributed to
the impressive cathodic emission of the luminol-dissolved O2

ECL system. The quantity of O2c
− was further evaluated by nitro

blue tetrazolium chloride (NBT),53 and the amount of oxidation
product methyl hydrazone was recorded by UV-vis spectroscopy
(Fig. 4b). Notably, the absorbance of the oxidized product was
higher for Ags/LDH/ITO than for Aus/LDH/ITO, illustrating the
excellent ability of Ags/LDH/ITO to catalyse the generation of
O2c

− than Aus/LDH/ITO did. These results demonstrate that
O2c

− played vital roles in determining the ECL signals,47 due to
its functionality to oxidize the luminol anions (Lc−) to form
excited-state 3-aminophthalate (AP2

2−*) for the ECL emissions
(Scheme S1†). Furthermore, we measured the ECL in the range
from 0 to +0.8 V and quantied the generated O2c

− in the anodic
ECL reaction for luminol. Upon the addition of BQ, most of the
ECL signals at Ags/LDH/ITO and Aus/LDH/ITO were quenched,
and the absorbance values of the oxidation products of NBT
were almost the same at the Aus/LDH/ITO and Ags/LDH/ITO
electrodes (Fig. S13†). These results suggested the generation
of similar amounts of O2c

− during the anodic ECL reaction at
the Aus/LDH/ITO and Ags/LDH/ITO electrodes, responsible for
the similar amounts of AP2

−* and ECL emissions (Scheme S1†).
Therefore, we have employed the cathodic ECL as the indicator,
and Ags/LDH/ITO showed superior ability in absorbing and
activating the ROS to achieve the enhanced catalytic perfor-
mances and cathodic ECL intensities.
Mechanisms to spot the d-band centers by the cathodic
luminol ECL

Electrochemical impedance spectroscopy (EIS) was performed
on the modied electrodes in 5.0 mmol L−1 K3[Fe(CN)6]/
K4[Fe(CN)6] (0.1 mol L−1 KCl) from 0.1 Hz to 100 kHz. An
equipped equivalence circuit is shown as the inset in Fig. S14,†
where Rs, Rct, Cdl, and W represent the resistance of solution,
charge transfer resistance, double layer capacitance, and the
Chem. Sci., 2024, 15, 18085–18092 | 18089
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Warburg constant, respectively. The charge transfer resistance
(Rct) from the Nyquist plot followed the trend: LDH/ITO (82.4 U)
> ITO (69.6 U) > Aus/LDH/ITO (54.5 U) > Ags/LDH/ITO (46.9 U),
indicating the higher electron transfer ability of Ags/LDH/ITO
than that of Aus/LDH/ITO (Fig. S14†). The oxygen reduction
reaction (ORR) is a critical step to generate ROS through elec-
trochemical reactions and is highly correlated with the effi-
ciency of the luminol ECL emission.51 The linear sweep
voltammetry (LSV) curves showed that Ags/LDH/ITO possessed
more positive onset potential and a higher ORR current than
Aus/LDH/ITO did (Fig. 5a), indicating the effectively activated
catalytic activity of Ags/LDH/ITO. This result was consistent with
the ECL performance of the modied electrodes. Tafel slope
curves further showed the values of 164.4 mV dec−1 for Ags/
LDH/ITO and 208.4 mV dec−1 for Aus/LDH/ITO (Fig. 5b). The
smaller Tafel slope of Ags/LDH/ITO indicated the faster electron
transport and superior kinetics for the ORR.54 It has been
known that the ORR kinetics process can proceed via either
a 2e− (O2 + H2O + 2e− HO2

− + OH−) or 4e− (O2 + 2H2O + 4e−

4OH−) pathway, which is dependent on the propensity to break
the O–O bond during the ORR process.55 To gure out the
pathways of the ORR process, the electron transfer number (n)
involved in the ORR process was studied according to the
Koutecky–Levich (K–L) plots (Fig. S15 and S16†). The number of
electrons transferred during the ORR was different for different
modied electrodes: the calculated n was 3.53 for Ags/LDH/ITO
and 2.46 for Aus/LDH/ITO (Fig. 5c). Such a result suggested that
the 4e− pathway of the ORR process was preferred in the pres-
ence of Ags/LDH/ITO, and Ags/LDH/ITO exhibited better ORR
electrocatalytic activity and reaction kinetics than Aus/LDH/ITO
did. Note that the 4e− reaction pathway involves more ROS,
benecial for the ECL reaction and emission enhancement.56 In
consequence, these ndings well explained the signicantly
enhanced ECL signals by Ags/LDH/ITO.
Fig. 5 (a) Current density (j)–voltage curves in O2-saturated PBS (pH=

7.5) at ITO, LDH/ITO, Aus/LDH/ITO and Ags/LDH/ITO electrodes; (b)
Tafel slope curves of Ags/LDH/ITO and Aus/LDH/ITO electrodes; (c)
average electron transfer numbers (n) calculated from the K–L
equation during the oxygen reduction reaction; (d) schematic illus-
tration of the d-band center shift from the Fermi level for single atomic
Ag and Au.

18090 | Chem. Sci., 2024, 15, 18085–18092
The d-band model proposed by Nørskov was used to explain
the electronic structure and thus the catalytic performances for
thesemodied electrodes. Upon adsorption of O2 on the surface
of the modied electrodes, bonding and antibonding states
were formed between the p-band of adsorbate and d-band of
metal species.1 The d-band centers of the metal species were
shied as a consequence. The closer location of d-band centers
of Ags/LDH/ITO to the Fermi level than that of Aus/LDH/ITO
resulted in the strengthened bonding interaction between Ag
single atoms and oxygen intermediates (Fig. 5d). Therefore,
much stronger oxygen reduction ability could be acquired for
Ags/LDH/ITO, facilitating the generation of ROS for the ORR
process and the promoted ECL emission of luminol. Therefore,
the ECL signals showed the strength and accuracy to evaluate
the d-band centers of single-atom catalysts in a sensitive
approach.

Finally, we explored the universality of the proposed ECL
strategy by other single-atom catalysts. First, Cu, which is listed
in the same main group of Au and Ag, was prepared as single
atomic Cu on LDH/ITO (labelled as Cus/LDH/ITO). XRD and UV-
vis spectra have excluded the appearance of Cu nanoparticles in
Cus/LDH/ITO (Fig. S17 and S18†). The HAADF-STEM image
showed the uniform distribution of bright spots, which were
ascribed to the single atomic Cu (Fig. S19†). The UPS valence-
band spectra showed that the energy of d-band centers of Cus/
LDH/ITO was located at −4.46 eV (Fig. S20†), and the ECL
measurements showed that the cathodic ECL intensity of Cus/
LDH/ITO was about 1200 a.u. (Fig. S21†). Second, single
atomic Fe was prepared, as validated using the XRD spectra, UV-
vis spectra and HAADF-STEM images (Fig. S22–S24†). The as-
prepared Fes/LDH/ITO exhibited the energy of d-band centers
at−4.97 eV (Fig. S25†) and the cathodic ECL intensity of 400 a.u.
(Fig. S26†). As expected, both the ECL intensities and the
positions of d-band centers for these single-atom catalysts fol-
lowed the same trend: Ags/LDH/ITO > Aus/LDH/ITO > Cus/LDH/
ITO > Fes/LDH/ITO (Fig. S27†). Therefore, we validated the
universality of the proposed intermediate-boosted ECL in
spotting the d-band centers of single-atom catalysts.

Conclusions

In summary, we have proposed oxygen intermediate-boosted
ECL signals for an accurate and sensitive evaluation of the d-
band centers of single-atom catalysts. Ag, Au, Cu and Fe
single atoms with different d-band centers were localized onto
CoAl/LDH supports as catalysts. In accordance with the largest
upshi of d-band centers towards the Fermi level, Ags/LDH/ITO
displayed a notable oxygen adsorption capacity and remarkable
catalytic activity to generate ROS, leading to the strongest ECL
emissions from luminol reactions. The variation tendency of
the ECL signals and the positions of d-band centers were highly
correlated: Ags/LDH/ITO > Aus/LDH/ITO > Cus/LDH/ITO > Fes/
LDH/ITO. Such a correlation was also adapted for the nano-
particle catalysts such as Ag and Au nanoparticles, validating
the higher catalytic efficiency of single atoms than that of
nanoparticles. The proposed ECL strategy featured some
advantages, such as high sensitivity, good accuracy, and simple
© 2024 The Author(s). Published by the Royal Society of Chemistry
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sampling and analysing processes. Distinguishable signals with
large variations could be acquired for the metal catalysts
through an ECL cell for the luminol reaction. These advantages
revealed that the proposed ECL strategy is an applicable and
versatile method to evaluate the d-band centers for the metal
catalysts. Moreover, the proposed strategy has also deepened
the understanding of the d-band centers in determining the
catalytic efficiencies for catalysts. This prospective methodology
could be further applied to study and tailor the electronic
structures for catalysts.
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