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Anchoring and activation of catalytic sites on the clusters via
intermolecular interactions

Feng Qian,>* Zhihang Zhao,>* Baoyu Huang,>* Zhixiang Xue,? Qinzhen Li,? Sha Yang,? Jinsong Chai*
and Manzhou Zhu#*

Constructing catalytically active sites on the clusters is a mainstream strategy to optimize their catalytic properties. However,
it generally leads to unpredictable variations due to the notoriously sensitive relationship between the adduct group and
the structure of metal nanoclusters. In this study, a strategy within Au—Cd bimetallic clusters was proposed to achieve
controllable modification of the cluster surface through Lewis acid-base specific binding between the recognition group and
the cluster, thereby forming Au-Cd-pyridine units. Taking the ORR as a model reaction, the results show that the formed Au-
Cd-pyridine catalytic sites can significantly enhance the catalytic activity. Further, we explored the catalytic mechanism using
ESI-MS, XPS, and SC-XRD, as well as DFT calculations, and revealed that the ternary catalytic centers regulate the adsorption
behavior of OOH* intermediates (enhancement and change of adsorption mode from bridge-form to top-form). The
pyridine-modified Au»;Cd, catalyst also demonstrates performance enhancement when extending its application to other
electrocatalytic reactions, i.e. NO3RR and HER. Finally, the Aui6Cds cluster, which contained the Au-Cd-pyridine motifs, was

prepared to confirm further the key role of Au-Cd-pyridine binding in enhancing catalytic activity.

Introduction

Clusters, as small-sized nanomaterials with well-defined atomic
structures and structural modifiability, provide a platform for
molecular design at the atomic level.> Additionally, their
precise atomic structure (including electronic structure) enables
the exploration of structure-property relationships, which
provide pointers for the design of molecules.®1° Take catalytic
applications as an example, various strategies, such as alloying,
anchoring catalytic sites, desymmetrization, and ligand
functionalization, can be employed to enhance their catalytic
performance.'l"'7 The utilization of cluster-based catalysts has
unravelled the “black box” issues in various catalytic reactions,
pointing the way to the design of highly efficient catalysts.18-2>
However, the structure of clusters is highly sensitive,?622 and it
is difficult to realize the controllable modification of the target
structure, which limits the preparation of highly efficient cluster
catalysts.
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Developing a strategy to achieve efficient and controllable
modification of surface structures of clusters is expected to
address the above issues. Specific recognition is an effective
strategy to implement controllable modification of cluster
surface structure,?®3! and the challenge lies in how to insert and
what kind of target recognition groups to insert. Recent reports
on cluster catalysts have shown that most heteroatoms can be
doped into gold clusters exhibit Lewis acid activity, making an
important contribution to the enhancement of cluster catalytic
activity.323¢ Among the transition heterometallic atoms, Cd
atoms show higher activity and can retain their Lewis acid
character after doping into the clusters.3” In addition, Cd atoms
are mostly reported to occupy the surface positions of the
clusters38-3° (catalytic reactions are mostly carried out on the
surface of the catalysts), and thus Cd atoms become a candidate
for the insertion of target-recognizing groups into the clusters.
Subsequently, Lewis bases can be introduced based on acid-
base specific binding, thereby enabling effective and
controllable modification of the cluster surface.*® In this regard,
we hypothesized that this strategy could construct efficient
cluster catalysts with targeted structural units.

Herein, the Cd atom was anchored to Au clusters as a target-
recognition group, and pyridine activated it via acid-base-
specific binding to construct effective catalytic sites (Scheme 1).
The ORR catalytic activity of various atomically precise Au-Cd
clusters was investigated. Firstly, the catalytic activities before
and after artificially adding pyridine into the catalytic system
were compared, and the results showed that all the Au-Cd
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Scheme 1. Comparison of the strategies for constructing effective catalytically active sites on the surface of nanoclusters (LA = Lewis

Acid, LB = Lewis Base).
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clusters displayed different degrees of improvement in the
catalytic activities after the addition of pyridine. The
comparison experiments of a series of gold clusters verified that
the presence of the Cd atom plays a key role in the catalytic
activity enhancement after pyridine addition. Using
electrospray ionization-mass spectrometry (ESI-MS) and X-ray
photoelectron spectroscopy (XPS), the specific binding between
Cd and pyridine was characterized, instead of the original Cd-Cl
bond. Furthermore, DFT calculations showed that Au-Cd-
pyridinen as a catalytically active site unit is critical for the ORR
reaction. Finally, we designed Au16Cds catalyst with the Au-Cd-
pyridine units, and it shows the compared catalytic activity as
expected with other Au-Cd clusters with the addition of
pyridine.

Results and discussion

To enhance the catalytic activity of the clusters, the first strategy we
employed was the introduction of pyridinophosphine as the
functional ligand,** and a new Au-Cd bimetallic nanocluster (NC) was
obtained (the synthesis route shown in Fig. S1). In its UV-vis
spectrum, there are two broad peaks found at 600 and 850 nm, and
a series of shoulder peaks at shorter wavelengths can also be
observed (Fig. 1A). The ESI-MS was used to characterize the
composition of this cluster. As shown in Fig. 1B, a major peak at
4241.55 Da was found, which corresponded to
[Auz7Cd2(SAdm)16(PPh,Py)]?* (HSAdm = 1-adamantanethiol, PPh,Py =
Diphenyl-2-pyridylphosphine), of which the isotopic pattern shows a
good match with the calculated one (Fig. 1B, inset). Additionally, two
weak peaks were also found at 4157.52 and 4259.03 Da, which can
be assigned to [Au,7Cda2(SAdm)is(PPh,Py)CI1%* (indicating the loss of
one S-Adm ligand) and [Au27Cd2(SAdm)i6(PPh2Py)Cl]%*, respectively.
Importantly, the crystal structure of this NC was revealed by X-ray

« C(N'\‘lq

“* Active randomness
J Structural change

% Controllable catalytic site

J Structural framework invariance
% A general method for
constructing efficient catalysts

single-crystal diffraction (SC-XRD). It shows a formula as
Au,7Cd,(SAdm)16(PPh,Py)Cl (Auz7Cd; for short), which is consistent
with the ESI-MS, XPS, nuclear magnetic resonance (NMR) and
elemental analysis (EA) results (Fig. S2-3 and Table S1-2).

A B
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2:[M-(SAdm)]*)
—Cal.
4235 4240 4245
1 b m/z (Da)
T T L T T 1 L] Ja |
400 600 800 1000 4000 4400 4800 5200
m/z (Da)

Frame Structure Kernel Motif + P

Fig. 1 Characterizations of Auy7Cds. (A) UV-vis spectrum and full
crystal structure, (B) ESI-MS spectrum (M = Auz;Cd,(S-
Adm)16(PPh2Py)Cl), (C) framework (D) core and (E) peripheral
protecting group of Au,;Cd; cluster (color label: cyan/orange =
Au, pink = Cd, yellow =S, green = P, bright green = Cl, light blue
=N, gray = C, and parts of C and all H atoms were omitted for

clarity).
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Fig. 2 Electrochemical correlation test. (A) The linear sweep voltammetry (LSV) curves of the Au,7Cd; cluster at different rpm; (B)

The Nyquist curve of Au,7Cd,@C catalyst before and after adding

pyridine; (C) Comparison of current density at 1600 rpm before

and after the addition of pyridine on the Au,;Cd,@C catalyst; (D) Faradaic efficiencies of NH4* for Au,7Cd,@C catalyst before and

after adding pyridine; (E) LSV curves of Au,;Cd.@C catalyst before

and after adding pyridine in 0.5 M K>SO, solution containing 0.1

M NOs’; (F) Tafel plots of Au,7Cd,@C catalyst before and after adding pyridine; (G) HER polarization curves and (H) Tafel plots for

Auy;Cd,@C catalyst before and after adding pyridine; (I) double-layer capacitance of Au,;Cd.@C catalyst before and after adding

pyridine measured in 0.5 M H,SO4, where Aj/2 = (ja - j)/2 (ja and jc denote the anode and cathode current density).

Auy7Cd; was crystallized in the monoclinic P21/n space group
(Table S1). As shown in Fig. 1C, Auy;Cd; is composed of a
AuyoCd; kernel, one Cd(SR)sCl, four Aui(SR);, one Aus(SR)a
motifs, one bridging SR, and one pyridinophosphine ligands. The
Au,0Cd; kernel is composed of one twisted icosahedron and
three tetrahedral units via vertex-sharing mode, and two of
these tetrahedral units are connected by sharing a gold atom
(Fig. 1D). Remarkably, one of the Cd atoms was found to occupy
one vertex of the icosahedron, which may be responsible for
the distortion of the icosahedron. In addition, we further
analyzed the cause of the distortion in the Auy;Cd, core. As
shown in Fig. S4, the Au-Cd bond length in Au;,Cd; (M33) did not
change significantly, indicating no substantial distortion in the

region bonded to Cd. In contrast, the Au-Au bond lengths of the
lower Au moiety opposite to Cd exhibited considerable
variations, ranging from the shortest 2.675 A to the longest
3.662 A, suggesting that the core distortion is mainly attributed
to the distortion of the lower Au moiety. It is precisely this Au
distortion that leads to the large variation in bond lengths of the
three connected Aus tetrahedra. Another Cd atom forms a
Cd(SR)sCl motif wrapping around the top of the NC, and the
phosphine ligand was found to surround the bottom of the
cluster. Three kinds of motifs, including four Aui(SR),, one
Aus(SR)s, and one bridging SR, were found connect with both
the icosahedron and tetrahedra (Fig. 1E).

Please do not adjust margins
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Considering that Auy;Cd; is protected by functional
pyridinophosphines and the doped heteroatoms, which have
been reported to improve the catalytic activity of NCs,*>*3 ORR
was employed to detect the catalytic activity of Au,;Cd,. Before
the electrochemical assessments, Au,;Cd, was loaded on
activated carbon with a loading rate of 10% to form the
Auy7Cd;@C catalyst. The Auy;Cd,@C catalyst was then tested by
linear sweep voltammetry (LSV) under O,-saturated alkaline
(0.1 M KOH) conditions. As shown in Fig. 2A, the current density
at 1600 rpm is 3.77 mA cm™ with a potential at -0.8 V.
Additionally, the overall number of electrons transferred in the
ORR process for Auy;Cd>@C catalyst was calculated to be 3.0,
indicating a mix of two- and four-electron reduction processes
(Fig. S5). For comparison, ORR was carried out using a series of
Au-Cd NCs with similar kernels (composed of an icosahedral and
several tetrahedral units), these NCs are diverse in the type of
phosphine ligands but do not contain pyridinylphosphine (Fig.
$6).4445 Furthermore, to validate the methodology, the selected
Au-Cd clusters were diverse, encompassing variations in charge,
ligand type, and ligand functionalization. Additionally, the most
critical considerations were ease of synthesis and stability
during the catalytic process. As a result, the Au-Cd bimetallic
catalysts exhibit comparable ORR catalytic activity regardless of
their ligand type. As shown in Fig. S7-S11, the ORR current
density of the Au-Cd bimetallic catalyst was in the range of 3.0-
3.5 mA cm™2 (-0.8 V) at 1600 rpm. This result suggests that the
ligand on the surface plays little role in influencing the catalytic
activity of ORR. Importantly, in association with precise atomic
structure analysis, we suggest that the main reason for the
ineffectiveness of the pyridine for Au,;Cd, in promoting ORR
performance may be caused by the long distance between the
N atom of the pyridylphosphine ligand and the metal atom,
which hinders their possible electron transfer.

To verify our speculation and also to make sure the pyridine
works in the catalysis, free pyridine was added to the catalyst
before performing ORR, as it can move arbitrarily and
effectively contact the NCs. The Nyquist curve of Au,;Cd,@C
catalyst before and after adding pyridine is shown in Fig. 2B, the
charge transfer resistance is smaller for the latter. This suggests
that the addition of pyridine enables a stronger electron
transfer ability of the Auy;Cd,@C catalyst in ORR. The
electrocatalytic ORR performance before and after the addition
of free pyridine was evaluated with a series of Au-Cd bimetallic
NC catalysts. As shown in Fig. 2C and S12, the current density of
most Au-Cd bimetallic cluster catalysts was significantly
increased after the introduction of free pyridine. In detail, the
current densities at -0.8 V of Au;7;Cd,@C, Aui1sCds@C,
AU24Cd1@C, and AU23Cd1@C increased from 3.77, 333, 328,
and 2.94 mA cm2 to 4.76, 4.02, 4.00, and 3.80 mA cm2,
respectively, showing an average increase of 0.82 mA cm= in
the current density (Fig. S12) and the percentage increase > 20%
(Table S3). On the other hand, the half-wave potentials of the
above gold-cadmium clusters also shift positively upon the
addition of pyridine (Table S4), once again confirming pyridine's
influence on their catalytic activity. It is worth noting that
AuzpCd;@C showed almost no change in current density after
the addition of free pyridine. Considering that the Cd atom in

4| J. Name., 2012, 00, 1-3

the AuzoCd1 nanocluster is located in the kernel,*? thisresultis
reasonable because the pyridine moR&eulé 1§39/ @isFictPbl48
approach such an inside position. This suggests that the free
pyridine can bind with the peripheral Cd atoms to form an
effective catalyst for ORR. For further verification, we
introduced some Au NCs*¢-48 with a similar size to the above Au-
Cd NCs. As shown in Fig. S3-S16, the relevant clusters were
successfully prepared. Their catalytic results are displayed in
Fig. S7, Table S3, and Fig. S17-S19. The advantage of Au-Cd
bimetallic catalysts in ORR catalysis is noticeable in Fig. S7.
Moreover, pyridine can only lead to a slight change in the
catalytic activity of Au NCs (Fig. S7). Subsequently, a series of
related complexes was prepared to compare with the catalytic
activity of the NCs. As shown in Fig. S7 and Fig. S20-524, the
catalytic activity of these complexes and activated carbon is
even lower than that of Au NCs. It is noteworthy that pyridine
has almost no effect on their catalytic activity, and the pyridine
on the surface may mask some of the sites, leading to a slight
decrease in activity (Fig. S7 and Table S3). The above
comparative results indicated that the overall structural
frameworks of the NCs play an important role in ORR and the
binding site of pyridine is most likely located on the surface Cd
atom of the NCs.

To validate our Lewis base-mediated surface cadmium
activation strategy in the Au,;Cd; cluster, we evaluated diverse
nitrogen-containing organic compounds (Fig. S25-526) and also
applied the Auy;Cd,@C catalyst to multiple reaction systems
(Fig. 2D-21 and Fig. S27-S28), including nitrate reduction
(NO3RR) and hydrogen evolution reaction (HER). The nitrogen-
containing organic compounds include piperidine, pyrrolidine,
piperazine, diethylamine and triethylamine. They show
different promotional effects, but none are stronger than
pyridine. And, supplementing Au,;Cd.@C with pyridine boosted
NH4* Faradaic efficiency by 17% and current density by 47.80%
at-1.2 Vin NO3RR, alongside a 92.12% current density increase
at-0.6 Vin HER.

To demonstrate that the main influencing factor for pyridine
to work is the existence of surface-doping Cd atoms, the
structural stability of the Au,,Cd,@C catalyst was characterized
through XPS, transmission electron microscopy (TEM), and
chronoamperometry (i-t curve), collectively confirming its

Table 1. The binding energy changes of the catalysts after
adding pyridine.

Entry  Sample Cd AE Au AE
(ev) (eVv)

1 Auy;Cd,@C 0.25 0.1

2 Auy3Cd,@C 0.3 0.05

3 Auy9Cdz@C 0.25 0

4 AuzoCdi@C 0 0

5 Au16@C - 0

6 Au@C - 0.1

7 Au@C - 0.05

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 Characterization and DFT. (A) ESI-MS of Au,7Cd, NCs solution after the addition of pyridine and (B) the DFT calculations of

the free energies of the two catalysts of Auz7;Cd; NCs and pyridine group-modified Au,;Cd; ligand in the ORR process. (Color labels:

yellow = Au, light purple = Cd, green =S, pink = P, gray = C, red = O, blue = N, white = H).

robustness under catalytic conditions (Fig. S29-S31). Then, XPS
tests were employed to investigate the valence states of the
metal atoms in the NCs. As shown in Table 1, entry 1 and Fig.
S32, the binding energies of Au 4f in Au,;Cd.@C catalyst before
and after adding free pyridine was almost unchanged with a AE
of 0.1 eV while the change of binding energy for Cd 3d was 0.25
eV, suggesting that it is the Cd atoms on the surface that bind
to the free pyridine and undergo electron transfer. This similar
behavior was observed in other Au-Cd NC catalysts (Table 1,
entries 2-3 and Fig. S33), except for the Au3oCd:@C. As shown
in Table 1, entry 4 and Fig. S33, the binding energies of both Au
4f and Cd 3d are similar in Au3oCd1@C catalyst before and after
the addition of pyridine. The unchanged binding energies of Au
4f were also found in monometallic Au NCs (Table 1, entries 5-
7 and Fig. S34). From the XPS results, we suggest that the main
reason for the effect of promoting ORR performance for
pyridine is highly probable caused by electron transfer
betweenthe surface-occupying Cd atom in NCs and the N atom
from pyridine (the effect of gold and pyridine is relatively weak).
This is very meaningful for optimizing the catalytic activity of Au-
Cd NCs, which can also lay a solid foundation for the catalytic
application of the NCs. Further, from pyridine. This is very
meaningful for optimizing the catalytic activity of Au-Cd NCs,
which can also lay a solid foundation for the catalytic application
of the NCs. Further, ESI-MS was employed to demonstrate the
binding between pyridine and Au;Cd,. As shown in Fig. 3A and
Fig. S35, a new peak attributed to [Au7Cd, — Cl + py + 2Cs]?* was
found in the ESI-MS result of Au,;Cd; solution after the addition
of pyridine (1:1 ratio). That means the pyridine is instead of the
original Cl in Auy7Cd; to form the Au-Cd-Py unit.

We introduced density functional theory (DFT) calculations to
further investigate the reasons for the enhancement of the

catalytic ORR reduction performance of Auy;Cd; NCs with the
help of pyridine. The discrepancy between DFT calculated
overpotentials and experimental measurements often
attributed to the inherent limitations of the Computational
Hydrogen Electrode (CHE) model and other computational
simplifications.*>>*  Our calculations show that the
overpotential for Au(111) is 1.24 V (Fig. S36), which is in
excellent agreement with previous DFT studies by Deng et.al.>?
This benchmark demonstrates the reliability of our CHE model
and confirms that the trends observed for our doped clusters
are qualitatively valid, even if the absolute values for the
clusters show some deviation due to their unique under-
coordinated sites. Free energies of the initial Auy;Cd; and
pyridine group-modified Au;;Cd> (Auz;Cds-py) in the ORR
process were calculated. As shown in Fig. 3B, the calculations
indicated that the Au,;Cd,-py has a lower overpotential than
the Auy7Cd, catalyst, which are 0.88 and 1.05 eV, respectively.
Detailed analysis reveals that the OOH* intermediate has a
weaker interaction with Cd on Auy;Cd,, which is achieved by
comparing the intermediate to the base, leading to the
maximum Gibbs free energy for the formation of the OOH*
intermediate from O,. Therefore, this step is the potential-
determining step of the reaction. In addition, simulations in the
Auy;Cd; catalyzed system revealed that the O* intermediate
shows a bridge adsorption configuration while OH* shows a top
adsorption configuration, which leads to the fact that O* needs
to break a chemical bond (O-Cd) when it gets H* and e to form
the OH* intermediate, and results in another large Gibbs free
energy barrier (1.03 eV). The comparison showed that the
introduction of pyridine resulted in enhanced adsorption of Cd
for OOH* intermediates on the Au,7Cd»-py catalyst, which
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Fig. 4 Structure and ORR performance of Au;sCds. (A) framework (B) core and (C) peripheral protecting group of Au;6Cds cluster

(color label: cyan/orange = Au, pink = Cd, green = P, bright green = Cl, light blue = N, gray = C, and part C and all H atoms were

omitted for clarity). (D) The LSV curves of Au16Cds cluster at different rom. (E) Koutecky—Levich plots of Au16Cds catalysis at different

potentials. (F) The LSV curves of Au;sCds at 1600 rpm before and after the addition of pyridine.

lowered the overpotential. Another important regard is also
reflected in the change of the adsorption mode from bridge-
form adsorption to top-form adsorption during the formation of
O* intermediates, which effectively lowers the Gibbs free
energy barrier for the formation of their OH* intermediates.
Meanwhile, we conducted Bader charge analysis on the
pyridine-modified Auy;Cd, and calculated the charge
differential density map (Fig. S37). We found that the
introduction of pyridine molecules leads to significant charge
redistribution. Specifically, pyridine acts as an electron donor,
transferring a considerable amount of electron density (0.14 e)
to the nanocluster. This electron injection directly alters the
electronic structure of the active site, resulting in higher
electron density. Meanwhile, we integrated the absolute AG
values for *OOH, *0O, and *OH adsorption as well as the zero-
point energies and entropy corrections into Table S5 to ensure
easy access and full reproducibility. This likely optimizes the
adsorption strength of ORR intermediates (such as OOH*) on
the active sites. Therefore, we believe that the essence of the
pyridine-enhanced ORR reduction performance of Auy;Cd,
nanocluster catalysts is to regulate the adsorption behavior of
its intermediates in the ORR process through the pyridine
ligand, which in turn facilitates the overall ORR.

To further confirm that Cd-pyridine binding may be the key
to the formation of efficient catalysts, we constructed another
new Au-Cd NC in which the peripheral cadmium atoms are
coordinated with the nitrogen of the pyridine phosphine. As
shown in Fig. S38A, this Au-Cd nanocluster exhibits a shoulder
peak at 380-420 nm and a main peak at 512 nm. ESI-MS
revealed that it exhibited a major peak at 2909.99 Da, which
corresponds to [AuieCds(SAdm)s(PPh2Py)sCl]?*. Additionally, a
weak peak was found at 5855.01 Da, which can be assigned to
[Au16Cd3(SAdm)s(PPh,Py)sCl]* (Fig. S38B). And combining EA
and NMR, we determined the molecular formula of this cluster
to be AuisCds(SAdm)o(PPh,Py)sCls (Fig S39 and Table S6).
Furthermore, the crystal structure of Au16Cds was characterized
by X-ray single-crystal analysis, which showed that the Au;¢Cds
cluster crystallized in the triclinic P-1 space group (Table S7).
Detailed structural analysis of Aui6Cds is shown in Fig. 4A. The
Au16Cds has a Auis kernel with an anti-cuboctahedron structure
(Fig. 4B). Importantly, the core of this Auis kernel is wrapped in
two novel motifs, those are one “S-Au-Cd(N, Cl)-S” and two “S-
Au-S-Cd(CI)N” motifs (Fig. 4C). These two motifs are not found
in the previously reported Au-Cd NCs. In addition to their
compositional structure, the novelty is also present in the close
distance of the heteroatom N from the metal atoms (Au and

Please do not adjust margins
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Cd), from which the formation of a Cd-N coordination bond can
be observed.

Since the free pyridine can transfer electrons with the Cd
atom to enhance the catalytic activity of the NCs, Aui6Cds
exhibiting the Cd-pyridine interaction in its molecular structure,
is predicted to have good catalytic activity. Therefore, the
electrocatalytic ORR tests were conducted with Au;6Cds as the
catalyst. Similar to the other NCs in this study, AuisCds was
loaded on activated carbon with a loading rate of 10%. Then,
the Au16Cds@C catalyst was first tested by LSV under O;-
saturated alkaline (0.1 M KOH) conditions. The current density
of Au16Cdz@C catalyst at different rotational speeds is shown in
Fig. 4D, the current density is 4.58 mA cm=2 at 1600 rpm with
the potential of —0.8 V (vs. Ag/AgCl). It is noteworthy that the
highest current density among the other Au-Cd NCs were
measured to be 4.75 mA cm~2 assisted by free pyridine (Fig. 2C).
In addition, the overall number of electrons transferred in the
ORR process of the Au16Cds@C catalyst was calculated to be 3.3,
which is similar to other Au-Cd NCs (Fig. 4E). Furthermore, the
free pyridine was added to the Aui16Cdz@C catalyst, however,
the change in current density before and after the addition was
not significant (Fig. 4F) because the Cd atoms in AuiCds have
already coordinated with the pyridine group from the ligands.
Moreover, its half-wave potential remains unchanged both
before and after the addition of pyridine (Table S4). Finally,
stability tests (Fig. S40-S41) confirmed that the Au;6Cd;@C
catalyst exhibits good stability.

Conclusions

In summary, this study presents an approach to realize
controllable modification of the Au-Cd cluster surface, that is,
based on the Lewis acid-base specific binding between pyridine
groups and metallic cadmium. Because the pyridine units were
modified on the surface, the ORR catalytic activities of all
modified clusters were enhanced. In detail, a small number of
cadmium atoms were anchored on the surface of the gold
cluster to construct the specific recognition groups for the
subsequent surface modification. Free pyridine was then added
to the system artificially to construct the Au-Cd-pyridine
catalytic site based on the acid-base specific binding between
pyridine and the metallic cadmium. This Cd-pyridine interaction
was confirmed by ESI-MS, XPS and a series of comparative
experiments. Furthermore, DFT calculations confirm Au-Cd-
pyridine as the catalytic site in ORR, and the modified pyridine
optimizes its catalytic reaction pathway (enhanced adsorption
of the OOH* intermediate and improved adsorption of the O*
intermediate). Finally, we designed and synthesized another
Au-Cd cluster in which the pyridine group from its ligand binds
with the Cd atom directly via Cd-pyridine bonds. This Au-Cd
cluster shows comparable catalytic activity to that of other Au-
Cd NCs with the addition of free pyridine, which reaffirms the
above conclusion. This study not only produces effective
catalysts for ORR reactions but also provides a generalized
approach to realize controllable modification of the cluster.

This journal is © The Royal Society of Chemistry 20xx
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