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Effect of Ni-Doping on the Optical, Structural, and
Electrochemical Properties of Ag,, Nanoclusters

Abdullah A. A. Ahmed, Shana Havenridge, Koustav Sahoo, Loknath Thapa,
Ananya Baksi, Guido H. Clever, Heshmat Noei, Mona Kohantorabi, Andreas Stierle,
C. Retna Raj, Wolfgang J. Parak,* Christine M. Aikens,* and Indranath Chakraborty*

Atomically precise metal nanoclusters (NCs) can be compositionally
controlled at the single-atom level, but understanding structure-property
correlations is required for tailoring specific optical properties. Here, the
impact of Ni atom doping on the optical, structural, and electrochemical
properties of atomically precise 1,3-benzene dithiol (BDT) protected Ag,q NCs
is studied. The Ni-doped Ag,, (NiAg,s(BDT);,) NCs, are synthesized using a
co-reduction method and characterized using electrospray ionization mass
spectrometry (ESI MS), ion mobility spectrometry (IMS), and X-ray
photoelectron spectroscopy (XPS). Only a single Ni atom doping can be
achieved despite changing the precursor concentration. Ni doping in Ag,q
NCs exhibits enhanced thermal stability, and electrocatalytic oxygen evolution
reaction (OER) compared to the parent NCs. Density functional theory (DFT)
calculations predict the geometry and optical properties of the parent and
NiAg,s(BDT),, NCs. DFT is also used to study the systematic single-atom
doping effect of metals such as Au, Cu, and Pt into Ag,, NCs and suggests
that with Ni and Pt, the d atomic orbitals contribute to creating superatomic
orbitals, which is not seen with other dopants or the parent cluster. The
emission mechanism is dominated by a charge transfer from the ligands into

1. Introduction

Atomically precise metal nanoclusters
(NCs), consisting of an inner metal core
and an outer metal-ligand shell, have re-
ceived considerable attention due to their
tuneable physicochemical properties.!]
Combining two or more metals to fabri-
cate novel geometries and fundamental
properties of metal NCs, thus fabricat-
ing alloy nanostructures, presents an
attractive opportunity for nanoscience
and nanotechnology.?3! Several articles
have shown that bi-metallic NCs may
offer significantly enhanced properties
compared to the parent NCs due to the syn-
ergistic effects of the heteroatom(s).[*1%
The most common synthesis methods for
doped NCs are galvanic exchange,'3 co-
reduction,!™! intercluster reactions,*>! and
ligand-induced conversion of bimetallic
NCs to doped NC.['!l Depending on the

the Ag core cluster regardless of the dopant.

metal atom and synthesis method,*12!
the doping position in the NCs can be

A. A.A. Ahmed, W. |. Parak, |. Chakraborty

Center for Hybrid Nanostructures (CHyN) and Fachbereich Physik
Universitat Hamburg

22607 Hamburg, Germany

E-mail: wolfgang.parak@uni-hamburg.de; indranath@iitkgp.ac.in
A.A.A.Ahmed

Departmentof Physics

Faculty of Applied Science

Thamar University

Dhamar 87246, Yemen

The ORCID identification number(s) for the author(s) of this article

can be found under https://doi.org/10.1002/smll.202408096
© 2024 The Author(s). Small published by Wiley-VCH GmbH. This is an
open access article under the terms of the Creative Commons
Attribution-NonCommercial-NoDerivs License, which permits use and
distribution in any medium, provided the original work is properly cited,
the use is non-commercial and no modifications or adaptations are
made.

DOI: 10.1002/smll.202408096

Small 2025, 21, 2408096

2408096 (1 of 9)

S. Havenridge, C. M. Aikens

Department of Chemistry

Kansas State University

Manhattan, KS 66506, USA

E-mail: cmaikens@ksu.edu

K.Sahoo, I. Chakraborty

School of Nano Science and Technology
Indian Institute of Technology Kharagpur
Kharagpur 721302, India

L.Thapa, C.R. Raj

Functional Materials and Electrochemistry Lab
Department of Chemistry

Indian Institute of Technology Kharagpur
Kharagpur 721302, India

A.Baksi, G.H.Clever
Department of Chemistry and Chemical Biology
TU Dortmund University

44227 Dortmund, Germany

H. Noei, M. Kohantorabi, A. Stierle

DESY Nanolab

Deutsches Elektronen Synchrotron (DESY)
22607 Hamburg, Germany

© 2024 The Author(s). Small published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

Sl

www.advancedsciencenews.com

varied, which considerably influences their properties.l'®! Dop-
ing in metal NCs is an effective strategy for enhancing their
physicochemical properties. Numerous alloyed and doped NCs
have been documented, particularly in relation to gold-based
NCs.[7817-19] Reports of doping Ag NCs have also risen signifi-
cantly recently, mainly in the case of Ag,y NCs.[1720-22]

Typically, the doped metal atoms can occupy the central core
or the kernel shell of Ag NCs depending on several factors of the
doping metals, including atomic size and the resultant geomet-
ric and electronic stability of the consequent doped NCs.[1923-2%]
For example, Au, Pt, and Pd were found in the central core,
whereas Cu was found in the kernel shell for the case of
doped-Ag,,(BDT),,(TPP), NCs (BDT: 1,3- benzene dithiol, TPP:
triphenylphosphine).[?®) Compared with the parent Ag NCs, the
doped Au, Cu, Pt, and Pd atoms demonstrate enhanced sta-
bility and induce charge stripping, leading to various valence
states.’] A small but definite number of Au atoms has been
used as dopants to enhance photoluminescence (PL) spectra and
quantum yield by 26 times while increasing the ambient stabil-
ity of Ag NCs[”8l and has been used to yield an excellent cat-
alyst in the electrochemical reduction of CO, to CO.P! Intro-
ducing single Pt atoms in Ag,,(BDT),,(TPP), can change their
electronic stability significantly, as their PL properties (such as
enhanced quantum yield) are compared to the parent cluster.[%]
Ag,,Cu,,(BDT),(TPP), has been used as a catalyst for a three-
component coupling reaction (i.e., A* coupling where an alkyne,
an aldehyde, and an amine can be coupled), and it shows en-
hanced catalytic performances over Ag,o(BDT);,(TPP), NCs.%]
Moreover, the doped NCs (Ag;;Cu,,) exhibited thermal stabil-
ity compared to the parent nanoclusters (Ag,, NCs) under vac-
uum/air. Ion mobility mass spectrometry revealed that the col-
lision cross section (CCS) of [Cu,Ag,,.(BDT),,]>~ decreases lin-
early with the exchange of each Ag/Cu; DFT of NCs (after re-
moval of TPP) with CCS calculations have been used to find the
most stable isomers of NCs.[?7] Several other groups have studied
single metal doped Ag,, NCs and found that the Pt or Pd atoms
occupy the icosahedral core rather than the stacking motifs, sim-
ilar to PtAg,s.[122829] Pradeep et al. have synthesized NiAg,; NCs
from NiAg,,(DMBT),3 NCs (DMBT: 2,4-dimethylbenzenethiol)
via a ligand exchange-induced core transformation method.3%!

Research into effective, affordable, and environmentally
friendly alternative energy conversion technologies has intensi-
fied due to the growing demand for energy and environmental
sustainability.?! As a result, developing renewable energy tech-
nologies that include high-quality catalysts for the oxygen evolu-
tion reaction (OER) is crucial. Also, a promising clean, renewable
energy technology is the electrocatalytic hydrogen evolution pro-
cess (HER).[*?) However, the lack of a homogeneous size, com-
position, structure, and chemical coordination environment in
conventional nanocatalysts makes it challenging to find a clear
relationship between structure and performance. Atomically pre-
cise NCs can be used as formidable model catalysts to under-
stand the relationship between structure and catalytic capabili-
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ties. They are incredibly small and have a unique composition,
a well-defined structure, and a homogeneous chemical environ-
ment at the atomic level.*] Au and Au alloy NCs have been used
to promote and catalyze HER,[** while Ag-based NCs and their
alloys showed a relatively weak ability to catalyze HER. In a re-
cent report, the HER efficiency was boosted by core (Pt doping)
and surface (external addition of 3d metals like Mn**) engineer-
ing of the Ag,y NCs.[**! Similarly, the doped AuAg,; NCs exhib-
ited enhanced utility as efficient oxygen reduction reaction (ORR)
catalysts in alkaline solutions more than Ag,, NCs.[l Moreover,
noble metal NCs can significantly improve the performance of
OER. Surprisingly, the Au,sAg,; NCs exhibit remarkable electro-
catalytic properties for HER. Also, the Au,;Ag,,/NiFe-LDH cata-
lyst (LDH: layered double hydroxide), when loaded in NiFe-LDH,
exhibited exceptional electrocatalytic performance in OER. This
is because NiFe-LDH and the Au,;Ag,; NCs have electronic solid
contact.*] All these reports suggest that doping a metal atom in
atomically precise NCs can significantly change their electrocat-
alytic properties, and 3d metals such as Ni might enhance their
OER performance better than other noble metals.

Herein, we report the synthesis of NiAg,¢(BDT);, NC via a di-
rect co-reduction synthesis approach. The successful formation
of NiAg,¢(BDT),, NCs was confirmed by electrospray ionization
mass spectrometry (ESI MS), ion mobility spectrometry (IMS),
and X-ray photoelectron spectroscopy (XPS). [NiAg,s(BDT),,]*,
similar to the parent cluster [Ag,y(BDT);,]*, is best described
as a quasi-spherical cluster with four tetrahedral symmetric
positions.!?] The electrochemical catalytic performances of Ag,,
and NiAg,, NCs have been explored to recognize the Ni doping
effect on the OER efficiency.

2. Results and Discussion

Bimetallic NiAg,¢(BDT),, NCs have been synthesized via a co-
reduction approach following a protocol explained in the experi-
mental section (details can be found in Supporting Information).
The ESI MS spectrum of the Ag,, NCs exhibits the characteristic
peaks in the negative ion mode with a 3~ charge state, as shown
in Figure S1A (Supporting Information). The expansion of the 3~
charge state manifests that the calculated patterns match exactly
the experimental isotopic patterns, as shown in Figure S1C (Sup-
porting Information). The ESI MS spectrum reveals three peaks
in the m/z = 1500-1800 Da range (at m/z = 1603.35, 1690.71,
and 1778.08 Da.), which are separated by m/z = 87.4 Da, cor-
responding to [Ag,,(BDT),,]*~. Expansion of each peak exhibits
a characteristic isotropic distribution where the peak separation
corresponds to m/z = 0.33, which in turn corresponds to the
37 charge state. These results are in good agreement with previ-
ous reports.***1 On the other hand, the ESI MS of NiAg,; NCs
presents an intense peak at m/z = 1190 with a 4~ charge state, cor-
responding to [NiAg,s(BDT);,]*",*”) as shown in Figure 1A. The
calculated and experimental isotopic MS patterns of all assigned
peaks were explored in Figure S1 (Supporting Information). Be-
sides [NiAg,s(BDT);,]*" clusters, [NiAg,s(BDT),,]*~ was also ob-
served in the ESI MS spectrum of NiAg,,(BDT),, NCs which cor-
responds to the peak at m/z = 1587 with 3~ charge state.

The change in the structure of Ag,,(BDT);, NCs associated
with single Ni doping was explored by ion mobility spectrome-
try (IMS), as presented in Figure S2 (Supporting Information).
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Figure 1. A) The calculated and experimental isotopic distributions of [NiAg,5 (BDT);,]*~ charge states obtained from the ESI MS of the Ni-doped Agyq
NCs (a full range ESI MS is shown in Supporting Information). B) UV-vis absorption (solid) and PL (dashed) spectra of NiAg,g (red trace) compared to
Agyq (black trace). C) 2D emission and excitation maps of NiAg,3 NCs. D) Luminescence decay curves at room temperature of Ag,q and NiAg,g NCs, E)
The XPS spectra of the Ag 3d peak for Ag,q NCs blueshifts slightly in Ni,Ag,s_, NCs, showing the intensity distribution of the binding energy I, (Eg)-
F) XPS spectra of Ni 2p of the oxidative state of Ni%* for Ni,Ag,o_, NCs. The bimetallic Ni,Ag,,_, NCs is referred to as AN2 sample, according to Table

S1 (Supporting Information).

The collision cross section (CCS) confirms the reproducibility of
the measured ion mobility of Ag,,(BDT);, NCs. The CCS value
decreased by 1.7 A2 when Ni was substituted in Ag,,(BDT),, (the
CCS values were found to be 479.2 and 477.5 A? for the Ag,, and
NiAg,s NCs, respectively). The CCS values agree with published
reports of doped NCs.[2740] This refers to the fact that the van der
Waals radius of the Ni atom (163 pm) is smaller than that of the
Ag atom (172 pm). The metal NCs are also sensitive to the bond-
ing situation, including metal-metal bonds and lengths. How-
ever, the central substitution of the Ag atom does not affect the
overall geometry of the Ag,,(BDT);, system.[?’] Therefore, based
on the HRMS and IMS data, it is probable that the single Ni-atom
is located in the central position in the icosahedral M,; units. We
also have a peak at the higher side that the peak at the higher
CCS may be related to the dynamic movement of the Ni atoms in
and out within the cluster during measurement (see Figure S2,
Supporting Information).

Density functional theory (DFT) calculations using the BP86-
D3/DZP level of theory!*'=*] in the Amsterdam Modeling Suite
2021.1%1 (see Supporting Information for full details) were used
to complement the experiment to determine the most stable
structure of 1-3 Ni atom dopants in the parent cluster. To de-
cipher the correct position of the monodopant into the parent
cluster, the Ni atom was placed in the center, core, “tetra” (refer-
ring to the tetrameric Ag connections), and “tri” positions (refer-
ring to the triangular Ag atoms in the Ag, triangles connected

Small 2025, 21, 2408096
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to the core) (Figure 2; Figures S11 and S12, Supporting Informa-
tion). These optimized structures were compared, and the lowest
energy structure was deemed the most stable. DFT calculations
showed that the Ni atoms in [Ni,Ag,,(BDT),,]°~ prefer to be in
the center and staple position. [Ni;Ag,,(BDT),,]*~ prefers to have
one Niatom in the center position, one in the core, and one in the
staples (Table S5, Supporting Information). Furthermore, the op-
tical properties change drastically, where 2 and 3 Ni atom dopants
result in larger differences from the experiment, hinting that the
experimentally observed cluster is a single atom doped cluster
(Figure S13, Supporting Information). Different structures con-
verged with 3~ and 4~ charge states for the monodoped cluster.
These calculations found that the dopant prefers the center po-
sition with a charge state of 47, whereas it prefers the “tri” shell
position with a charge state of 3™ as seen in Table S6 (Supporting
Information). Different structural isomers could likely exist in
the solution, resulting in a mixture of 3~ and 4~ overall-charged
clusters. However, the theoretical analysis in the manuscript will
be reported for the 4~ charged cluster as it exists in a closed shell
singlet in its ground state.

It is important to note that despite the slight geometric
changes between the monodoped NC and the parent, the elec-
tronic structure is drastically different. Both, [Ag,,BDT,,]*~ and
[NiAg,sBDT;,]*" have a superatom electron count of 8, giving rise
to a S2P® configuration. The molecular orbitals of [Ag,,BDT,,]*~
are dominated by the p atomic orbital contributions from the
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Figure 2. Dopant positions and relative energies at the BP86-D3/DZP level of theory in the A) Center B) Core C) Triangle “tri” position of the staple motif
D) Tetrahedral “tetra” position of the staple motif. A full list of relative energies at each possible dopant position can be seen in Table S6 (Supporting
Information). Color scheme: silver core = dark green, silver shell = light green, nickel = blue, sulfur = yellow, carbon = grey, hydrogen = white. The silver

shell (A,B) and the ligands (A-D) are shown in wireframe for simplicity.

sulfur atoms, but a P superatomic orbital is not observed for
the HOMO. With the [NiAg,BDT},]*~ nanocluster, the sulfur p
atomic orbitals still give a significant contribution, but the contri-
bution from the d orbitals in Ni combine with the sp orbitals on
the Ag core atoms to create a superatomic P orbital in the HOMO
(H), H-1 and H-2 that is not observed in the parent cluster at this
level of theory. The HOMO-LUMO (H-L) gaps in [Ag,,BDT,,]*~
and [NiAg,,BDT,,]* are 1.48 and 1.62 eV, respectively.

X-ray photoelectron spectroscopy (XPS) shows the existence
of Ag, S, and C for pure Ag,, NCs (Figure S3, Supporting Infor-
mation) and Ag, Ni, S, and C for bimetallic NiAg,, NCs (Figure
S4, Supporting Information). The binding energy of Ag 3ds, and
3d;), peaks in Agyy NCs (Figure 1E, blue) are obtained at 368.4
and 374.4 eV, respectively, which are in good agreement with
pure NCs.[0447] After a Ni atom is substituted in the center of
Ag,s(BDT);, to form NiAg,;(BDT),,, the Ag 3d peaks blueshift
to 368.6 and 374.6 eV corresponding to Ag 3ds, and 3d;, peaks,
respectively, represented by vertical dashes in Figure 1E. More-
over, the main peak of Ni 2p;;, and its satellite are at 854.0 and
860.5 eV, and the main peak of Ni 2p; , and its satellite are at 871.2
and 878.0 eV, respectively, in NiAg,; NCs as shown in Figure 1F.
This confirms that a doped NC is formed and exactly agrees with
doped NCs.’% In the XPS spectra of Ag 3d, two peaks in the

Small 2025, 21, 2408096
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Ag,y NCs at 366.5 and 372.6 eV and four peaks in the NiAg,
NCs at 365.6, 367.4, 371.6, and 373.3 eV are assigned to Ag*
(Figure 1E, red color), which may not have been reduced during
cluster formation.[*84]

The experimental optical absorption spectra of pure Ag,, NCs
show an absorption peak at 445 nm while Ni-doped Ag,, man-
ifests two peaks at 425 and 511 nm as shown in Figure 1B. PL
spectra of NiAg,; NCs were observed at 653 nm at the excita-
tion wavelength of 450 nm; the PL spectrum displays a quench-
ing effect of a factor of 9 compared to Ag,, NCs (Figure 1B).
A series of emission spectra at different excitation wavelengths
was recorded as a 2D map as presented in Figure 1C for NiAg,,
NCs. The 2D map of NiAg,, NCs shows two excitation wave-
lengths at 439 and 520 nm and two emission wavelengths at
615 and 656 nm. On the other hand, the pure Ag,, NCs pre-
sented only one excitation wavelength at 445 nm and one emis-
sion wavelength at 652 nm. This is due to the presence of a Ni
atom within Ag,y NCs. These results are in good agreement with
what was reported by Pradeep and coworkers.3%°%51] The room
temperature luminescence lifetime was recorded for pure and
Ni-doped Ag,, NCs as shown in Figure 1D. The average lifetime
(7,,) decreased from 96.1 ns for pure clusters to 52 ns for NiAg,,
NCs as seen in Table S3 (Supporting Information). This result is
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Figure 3. A) Atomic orbital contribution in selected Kohn—Sham molecular orbitals at the BP86-D3/DZP level of theory for [NiAg,3BDTq,]*~ B) Molecular
orbitals that make up the dominant transition in the first two peaks of the theoretical absorption spectrum at the BP86-D3/DZP level of theory for

[NiAg,gBDT;,]*" (contour = 0.0135).

expected due to the lower intensity NiAg,; NCs emission in PL
measurements.

The decrease in PLintensity and lifetime in Ni-doped Ag,, NCs
can be attributed to several factors. The doping of Ni at the cen-
tral position of the Ag,; icosahedral core may increase the total
angular momentum of the metal-metal intra-band transitions,
thereby enhancing electron-phonon coupling, as reported in Pd-
doped Au,; NCs with similar core structures (M;).’*%3 Addi-
tionally, introducing Ni into the Ag,, icosahedral core will likely
alter the system’s spin-orbit coupling (SOC) characteristics, facil-
itating more efficient non-radiative relaxation pathways. As a re-
sult, the energy from excited states prefers to dissipate through
nonradiative transitions rather than being emitted as photons (ra-
diative transitions), thereby having the possibility of reducing PL
intensity.

The theoretical absorption spectrum of [NiAg,,BDT,,]*
matches the experimental spectrum shape very well with peaks
at 482 nm (2.57 eV), 424 nm (2.92 eV), and 312 nm (3.97 eV) as
shown in Figure S15 (Supporting Information). In both the par-
ent and doped cluster, there are a lot of single vertical excitations
mixing into all the peaks. This is due to the small energy gaps
between molecular orbitals. In the lower energy region, the ab-
sorption spectrum has a very broad weak peak across 1.5-2.5 eV
as seen in Figure S16A (Supporting Information). The first dom-
inant peak is made up of several vertical excitations; the one with
the highest oscillator strength is at 2.57 eV with a value of 2.85
% 1072 a.u. as documented in Tables S8 and S9 (Supporting In-
formation). This excitation is dominated by a transition from H-
32 to L+1, or an interband transition from a molecular orbital
containing large contributions on the p atomic orbitals on sulfur
transitioning to a superatomic D orbital created from a collec-
tive contribution from sp orbitals on Ag atoms in the core. The
dominant transition that makes up the second peak at 2.92 eV is

Small 2025, 21, 2408096
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similar to the lower energy transition. The H-36 molecular orbital
is primarily made up of p atomic contributions coming from the
sulfur atoms in the ligands. This orbital transitions into a super-
atomic D orbital in the core of the nanocluster. As the electronic
density in the occupied and virtual orbitals involved in both tran-
sitions do not overlap, there is ligand to metal charge transfer
character as shown in Figure 3. The DFT methodology does not
model charge transfer well at this level of theory as the exchange-
correlation function chosen is too local in nature. Due to this, a
long-range corrected exchange-correlation functional (LRCF) was
used to try to model the electronic density more accurately. As
shown in Figure S16B (Supporting Information), the results with
the LRCF also have many vertical excitations mixing underneath
the peaks. The two peaks at 2.49 and 2.85 eV in the parent cluster
also show ligand to metal charge transfer character from an inter-
band transition between the p orbitals on the sulfur atoms in the
ligands to a superatomic D orbital in the core of the cluster. Even
though there is a superatomic P nature with the Ni dopant, it
does not change the behavior of the main absorption peak as the
transitions do not originate from the occupied frontier orbitals.
The DFT calculations on [NiAg,sBDT;,]*~ and [Ag,,BDT;,]*~
both underestimate the experimentally observed emission en-
ergy of 1.90 eV (653 nm). The theoretical emission energies from
the S, state are calculated at 1.18 and 1.08 eV for the dopant
and parent cluster, respectively, with roughly the same radia-
tive lifetime value of 12-13 ps. The theoretical emission from
the T, state is higher than S, state in [NiAg,sBDT;,]*~ with a
value of 1.36 eV. Both, the parent cluster and the doped clus-
ter change in the same way both geometrically and electroni-
cally upon excitation as seen in Table S10 (Supporting Informa-
tion). Electronically, the HOMO gains 0.16 eV in energy upon
excitation and the LUMO decreases by ~0.30 eV as seen in
Figure S17 (Supporting Information). Emission from the S, state
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originates from a dominant HOMO—LUMO transition in both
clusters.

The thermal stability of the NCs was monitored with respect to
the change in absorption features upon heating. The absorbance
spectra across a temperature range (25-145 °C) was recorded for
Ag,, and NiAg,, NCs as shown in Figure S8A (Supporting In-
formation). For the Ag,, NCs, the absorbance spectra intensity
versus temperature for both NCs decreased as temperature in-
creased up to 135 °C. At 145 °C, the absorbance intensity jumped
and became the highest intensity across all temperatures stud-
ied due to a change of Ag,, NCs into Ag nanoparticles (visible
colors also reflect the same, Figure S8C, Supporting Informa-
tion). On the other hand, NiAg,; NCs show a systematic decrease
in the absorbance intensity without significant modifications.
These results exhibited clearly that the NiAg,; NCs are more sta-
ble than pure Ag,, NCs. Thermogravimetric analysis (TGA) was
performed under a nitrogen environment to determine the ther-
mal stability for both, Ag,, and NiAg,; NCs (see Figure S8B,D,
Supporting Information). TGA determines the highest temper-
ature at which the cluster remains stable.’] The TGA curve be-
gins to fall, indicating the temperature at which the ligands start
to decompose. The Ag,, NCs were dissociated at 165 °C, which
is lower than the dissociation point of NiAg,, NCs (217 °C) by
52 °C, which indicates that the ligands of this Ni-doped Ag NC
start to decompose at a higher temperature. The total weight loss
of Ag,, and NiAg,; NCs are 37.89% and 55.59%, respectively
(Figure S8D, Supporting Information). A similar trend was seen
in other doped nanoclusters.[*>?!

Considering the distinct differences between the parent NC
and the Ni dopant in the electronic structure, optical absorption
spectrum, and first electronically excited state, it is important to
analyze other dopants and find trends. The monodopants Pt, Au,
and Cu were analyzed in addition to Ni and compared with the
parent cluster. To properly model these clusters, the first step was
to find the most stable dopant position in the ground electronic
state. In a similar way to the Ni dopant, Au was examined in
the center, core, “tri” shell, and “tetra” shell positions. Cu and
Pt have been studied experimentally and it has been shown that
Dt prefers the center position!®**] and Cu prefers a position in the
shell.'*] Pt was therefore evaluated in the center position, and Cu
was analyzed in the core, “tri” shell, and “tetra” shell positions to
determine the preferred position. All in all, Ni, Au, and Pt prefer
the center position of the core and Cu prefers the “tetra” position
in the shell of the nanocluster; the relative energies at the BP86-
D3/DZP level of theory can be seen in Table S11 (Supporting In-
formation). It can be noted that the addition of a monodopant
into this cluster will result in a smaller icosahedral core regard-
less of the dopant chosen, however, the overall size of the ligand
shell has negligible changes with the different dopants, showing
that the dopant changes the core but not the overall structure. The
average bond distances in the ground state are shown in Tables
S12 and S13 (Supporting Information).

All clusters have a superatomic electron count of 8 leading to
a S?P® configuration. The only NCs that collectively form three
occupied superatomic P orbitals in the core are the Ni and Pt
dopants. In these cases, there is still a large contribution from
the p orbitals on the sulfur atoms, but the atomic d contribution
from the dopant that is simultaneously mixing with the Ag to
form the P orbitals in the HOMO, HOMO-1, and HOMO-2 as
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seen in Figure S18 (Supporting Information). There is hardly any
contribution from the Au and Cu dopants in the frontier orbitals,
which is different from the Ni and Pt dopants, which have very
large contributions from the dopants integrating into the frontier
orbitals. Ni and Pt have the largest HOMO-LUMO gaps at 1.62
and 1.68 eV respectively. The Au dopant has essentially the same
HOMO-LUMO gap to the parent cluster at 1.48 eV, and the Cu
dopanthas a HOMO-LUMO gap of 1.41 eV. The difference in the
electronic density between the different dopants in the HOMO
and LUMO molecular orbitals can be seen in Figure 4.

Optically, all the NCs absorb light between 2.0-3.5 eV as seen
in Figure S19 (Supporting Information). Similar to the Ni dopant,
the Pt dopant has three strong peaks as opposed to just two in Au,
Cu, and the parent NC. Despite the observed P orbitals in Ni and
Pt, the electronic structure origins of the transitions of the main
peaks in the absorption spectrum do not change much because
the occupied P orbitals are not involved in the electronic transi-
tions in the doped and parent clusters. The optical data at this
level of theory can be seen in Tables S14 and S15 (Supporting
Information). Unfortunately, even with a long-range corrected
functional, the energy levels involved in the transitions form al-
most a manifold of states rather than the more discrete electronic
state structure in all clusters.

The emission energies and radiative lifetimes from the opti-
mized S, state for each doped cluster at the BP86-D3/DZP level
of theory are shown in Table S16 (Supporting Information). All
doped NCs underestimate the experimental emission energy just
like the parent NC.[*] This could be an artifact of using DFT due
to the charge transfer character in all the NCs. The largest emis-
sion energy is in the Pt-doped NC, followed by Ni, Au, Ag, and
Cu NCs with values of 1.23, 1.18, 1.11, 1.08, and 1.06 eV respec-
tively. The average bond distances in the optimized S, and S,
states can be seen in Tables S17 and S18 (Supporting Informa-
tion). In all the doped NCs, the HOMO-LUMO gaps get smaller
as seen in Figure S20 (Supporting Information). In the Ni and
Pt doped NCs, the superatomic P nature that was in the fron-
tier orbitals of the optimized ground state change to frontier or-
bitals that are completely dependent upon contributions from the
s and p orbitals in the sulfur and carbon atoms. This means that
despite having a superatomic P nature in the ground state, the
superatomic nature is lost upon excited state optimization. The
emission mechanism is therefore similar in all clusters, which
is dominated by a charge transfer mechanism from the ligands
into the core of the Ag,,_ NC.

The effect of Ni doping on the electrocatalytic performance of
the cluster catalyst was evaluated by taking oxygen evolution as a
model reaction. The oxygen evolution reaction (OER) involves the
transfer of four electrons on the catalyst surface, with the overall
reaction expressed as:

40H™ - 2H,0 + O, + 4e” inalkaline medium (1)

The elementary steps are expressed as:

* +OH™ — OH * +e” (2)
OH % +OH™ — O % +H,0 +e” (3)
O % +OH™ — OOH * +e” (4)

© 2024 The Author(s). Small published by Wiley-VCH GmbH
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Figure 4. HOMO-LUMO gaps (eV) from the optimized ground state geometry at the BP86-D3/DZP level of theory where the electronic density of the
HOMO is shown at the bottom of the graph and the LUMO is shown at the top of the graph for each doped cluster and the parent NC.

OOH % +OH™ —* +0, + H,0+ e~ (5)

where * donates the active site of the catalyst.

The OER activity of the NiAg,; NCs was studied in 1 m KOH
electrolyte and compared with bare Ag,, NCs (Figure 5). The
linear sweep voltammogram (LSV) recorded using NiAg,, NCs
shows that the benchmark current density of 10 mA cm=2 was
achieved at an overpotential of 417 mV; on the other hand, bare
Ag,y NCs delivered very poor OER performance. This indicates
the dominant role of Ni-doping on Ag NCs in enhancing elec-
trocatalytic performance. The strong hump at 1.4 V (vs the re-
versible hydrogen electrode (RHE) potential) corresponds to the
oxidation of Ni* to Ni** forming nickel oxyhydroxide (NIOOH)
during the oxidative sweep.[** The in situ-generated metal oxy-
hydroxide (MOOH) is known to be the active species for OER.[5]
The number of active sites per unit area or surface coverage (I')
was estimated by integrating the charge associated with Ni** to
Ni** oxidation, and it was found to be 1.21 X 107> mol cm™2.
In addition, the Tafel slope for NiAg,; NCs was calculated to be
88.6 mV dec™! (inset of Figure 5), and the small Tafel slope in-
dicates facile charge transfer kinetics for OER.5®] The recycla-
bility of the NiAg,; NCs was tested by subjecting the electrode
to repeated cyclic voltammograms (CVs), and an anodic shift of
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~60 mV was observed at the benchmark current density of 10 mA
cm~2 after 500 catalytic cycles, demonstrating decent OER stabil-
ity as shown in Section S1.3.9, Figure S9A,B (Supporting Infor-
mation).

The incorporation of Ni into the Ag,, NCs plays a crucial role
in enhancing the observed catalytic activity of the pristine Ag,,
NCs. The volcano relationship suggests that Ag is relatively inert
toward the OER, exhibiting poor catalytic activity, also observed
in pristine Ag,, nanoclusters.’”>8] However, the Ni-doped Ag,,
nanoclusters show a noticeable enhancement in the OER per-
formance (Figure 5). This is probably due to Ni’s significantly
higher hydration enthalpy than Ag, though they exhibit similar
electronegativity. This leads to the effective adsorption of OH~
ions at the catalyst’s active sites.> Also, substituting a monova-
lent Ag atom with a bivalent Ni atom in the NiAg,, cluster in-
troduces an extra positive charge, further facilitating the adsorp-
tion of the O-atoms on the active sites and boosting the OER
efficiency. Additionally, the spin state of Ni influences the cat-
alytic performance of the catalyst as the spin state of the metal
affects the sigma bonding between the e, orbitals and oxygen-
containing adsorbates, directly influencing the reaction rate and
rate-determining steps (RDS) of the OER.[®®] During the OER
process, first, water molecules adsorb on the surface of the

© 2024 The Author(s). Small published by Wiley-VCH GmbH
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Figure 5. Electrochemical OER performance of NiAg,s (red trace) com-
pared to Ag,q (black trace) in 1T m KOH electrolyte: Linear sweep voltam-
metry (LSV) curves (LSV were recorded at a sweep rate of 5 mV s™'), and
the applied voltage was 417 mV for the NiAg,s clusters when the current
density was 10 mA cm™2. The inset shows the Tafel plot of NiAg,s NCs
(with the potential E vs the potential of the RHE), which suggests a more
favorable reaction kinetics.

catalyst’s active sites and can be replaced by OH™ ions to form
OH" (" = catalyst) complex intermediates. The e, orbital of the
catalyst is directly oriented toward the OH species, forming a
stronger sigma bond with the (2p,+1s) orbitals of the OH than
the overlap between the t,, orbital of the catalyst with the (2p,+15s)
of OH. Thus, filling of the e, orbital will provide a more accurate
result in determining the energy gained by adsorption /desorp-
tion of OH on the catalyst surface and helping to determine the
rate of the OER process.[®*¢4] In pristine Ag,, NCs, silver metals
exist as Ag (0) (d'°s?) or Ag (I) (d'°), both of which lack vacant
orbitals to interact with the (2p, +1s) orbital of the OH species,
hence exhibit poor activity in the OER process.

According to the XPS data, the nickel (Ni) atom in the doped
Ag,, nanoclusters is in the +2-oxidation state and has two elec-
trons e, orbital (electronic configuration of t,°e,?), which is par-
tially filled. The linear sweep voltammogram (LSV) of OER shows
a strong peak near 1.4 V versus RHE, corresponding to the oxida-
tion of the Ni?* to Ni** forming the NIOOH, which refers to the
only active site of the OER process in the doped system. Here,
half-filled e, orbitals of Ni interact with the (2p+1s) orbital of the
-OH firmly to form a strong Ni-OH intermediate, thus expedit-
ing the chain reaction of the OER process and effectively enhanc-
ing the OER performance of the Ni-doped AgNCs system (The
d,,, and d,; are not involved in the hybridization process with
the (2p+1s) of the OH because of symmetric conversation).

3. Conclusion

To summarize, Ni-doped Ag,, NCs were synthesized via a co-
reduction approach. The formation of NiAg,,(BDT);, NCs was
confirmed by ESI MS, IMS, and XPS. The experimental ab-
sorbance spectrum of the doped NCs with peaks at 482, 424,
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and 312 nm matches very well with the theoretical spectrum and
confirms that it has the form of [NiAg,s(BDT),,]*". Thermally,
NiAg,s(BDT);, NCs demonstrate ultrastability compared to the
pure Ag,,(BDT);, NCs by ~67 °C based on TGA measurements.
According to DFT, the most stable structure of [NiAg, (BDT),,]*"
has an Ag;,Ni icosahedral core with the Ni atom located at the
center. DFT calculations further found that the open atomic d or-
bital contribution from the dopant aids in creating superatomic
P-like HOMO-HOMO-2 molecular orbitals. The behavior of the
main absorption peak of the pure cluster does not change in the
doped cluster because the transitions do not originate from the
occupied frontier orbitals. Emission is likely a result from flu-
orescence originating from the S, state. After S; optimization,
however, the superatomic nature of the HOMO goes away. The
emission mechanism is, therefore, dominated by a charge trans-
fer mechanism from the ligands into the core of the Ag clus-
ter regardless of dopant. Despite the change in the emission
pathway, it is apparent that the Pt-doped cluster has the high-
est S; emission energy, followed by Ni, Au, and Cu. In addition,
[NiAg,s(BDT),,]*~ exhibits enhanced electrochemical catalytic
performance for OER as compared to pure Ag,,(BDT);,NCs.

4. Experimental Section

The experimental section, including materials, methods, instruments,
and characterization, was explained in detail in the Supporting Informa-
tion file.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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